There is observational evidence that supports the existence of Very Massive Stars (VMS) in the local universe. First, very massive stars (M ini 320 M ) have been observed in the Large Magellanic Clouds (LMC). Second, there are observed SNe that bear the characteristics of Pair Creation Supernovae (PCSNe , also referred to as pair-instability SN) which have very massive stars as progenitors. The most promising candidate to date is SN2007bi. In order to investigate the evolution and fate of nearby very massive stars, we calculated a new grid of models for such objects, for solar, LMC and SMC metallicities, which covers the initial mass range from 120 to 500 M . Both rotating and non-rotating models were calculated using the Geneva stellar evolution code and evolved until at least the end of helium burning and for most models until oxygen burning. Since very massive stars have very large convective cores during the Main-Sequence phase, their evolution is not so much affected by rotational mixing, but more by mass loss through stellar winds. Their evolution is never far from a homogeneous evolution even without rotational mixing. All the VMS, at all the metallicities studied here, end their life as WC(WO) type Wolf-Rayet stars. Due to very important mass losses through stellar winds, these stars may have luminosities during the advanced phases of their evolution similar to stars with initial masses between 60 and 120 M . A distinctive feature which may be used to disentangle WolfRayet stars originating from VMS from those originating from lower initial masses would be the enhanced abundances of Ne and Mg at the surface of WC stars. This feature is however not always apparent depending on the history of mass loss. At solar metallicity, none of our models is expected to explode as a PCSN. At the metallicity of the LMC, only stars more massive than 300 M are expected to explode as PCSNe. At the SMC metallicity, the mass range for the PCSN progenitors is much larger and comprises stars with initial masses between about 100 and 290 M . All VMS stars in the metallicity range studied here produce either a type Ib or a type Ic SN but not a type II SN. We estimate that the progenitor of SN2007bi, assuming a SMC metallicity, had an initial mass between 160 and 175 M . None of models presented in this grid produce GRBs or magnetars. They lose too much angular momentum by mass loss or avoid the formation of a BH by producing a completely disruptive PCSN.
INTRODUCTION
In the present work, we call Very Massive Stars (VMS), stars arXiv:1305.2099v1 [astro-ph.SR] 9 May 2013 evolution of such stars were considered only in the framework of Pop III stars. Indeed, it was expected that, only in metal free environments, could such massive stars be formed, since the absence of dust, an efficient cooling agent, would prevent a strong fragmentation of the proto-stellar cloud (Bromm et al. 1999; Abel et al. 2002) 1 . It came therefore as a surprise when it was discovered that the most metal poor low mass stars, likely formed from a mixture between the ejecta of these Pop III stars and pristine interstellar medium, did not show any signature of the peculiar nucleosynthesis of the VMS (Heger & Woosley 2002; Umeda & Nomoto 2002; Christlieb et al. 2002; Frebel et al. 2005 ). While such observations cannot rule out the existence of these VMS in Pop III generations (their nucleosynthetic signature may have been erased by the more important impact of stars in other mass ranges), it seriously questions the importance of such object for understanding the early chemical evolution of galaxies. Ironically, when the importance of VMS in the context of the first stellar generations fades, they appear as potentially interesting objects in the framework of present day stellar populations.
For a long time, observations favored a present-day upper mass limit for stars around 150 M (Figer 2005; Oey & Clarke 2005) . Recently, however, Crowther et al. (2010) have re-assessed the properties of the brightest members of the R136a star cluster, revealing exceptionally high luminosities. The comparison between main sequence evolutionary models for rotating and non-rotating stars and observed spectra resulted in high current ( 265 M ) and initial ( 320 M ) masses for these stars.
In addition, the advent of all sky transient surveys -unbiased towards specific nearby massive star forming galaxies -has produced a population of super-luminous supernovae (SLSNe, Gal-Yam 2012) , which may have VMS as progenitors. SN2006gy was the first example of such a supernova for which a pair-creation supernova (PCSN) was suspected (Smith et al. 2007 ), while still stronger evidence was reported by Gal-Yam et al. (2009) for SN2007bi from a metal-poor dwarf galaxy at z=0.128. They derived a core helium mass of 100 M for SN2007bi, and estimated an initial mass of 200 M for its progenitor, although substantially higher initial masses were inferred by Yoshida & Umeda (2011) . Most recently, other SN2007bi-like examples have been identified: PTF10 nmn (Gal-Yam, submitted; Yaron, in preparation) and in preparation) , suggesting that VMS and PCSN occur at the current epoch.
The above observations trigger a new interest in the formation, evolution and fate of very massive stars and in particular stimulate the present study. Our aim is mainly twofold: 1) to provide grids for VMS at three different metallicities with and without rotation. These grids are useful to interpret observations of very luminous objects; 2) to study the evolutionary scenario and the final fate of such objects. We want to address questions such as the kind of stars and of supernova explosion (if any) that VMS produce.
In order to realise these two aims, we calculated a new grid of VMS models at solar (Z = 0.014), Large Mag-ellanic Cloud (LMC, Z = 0.006) and Small Magellanic Cloud (SMC, Z = 0.002) metallicities using the Geneva stellar evolution code (Eggenberger et al. 2007 ) including the modifications implemented to follow the advanced stages as described in Hirschi et al. (2004) . This work extends the main sequence models for VMS presented in Crowther et al. (2010) and complements the low and high mass stellar grids at solar metallicity (Z = 0.014) calculated by Ekström et al. (2012) and Georgy et al. (2012) as well as their extension to lower metallicities (Georgy et al. in prep., Eggenberger et al. in prep.) .
In Sect. 2, we present the physical ingredients of the models. The description of the results is given in Sect. 3. The Wolf-Rayet stars originating from VMS are discussed in Sect. 4. The final fates of the VMS is the subject of Sect. 5. Conclusions and perspectives are given in Sect. 6.
PHYSICAL INGREDIENTS OF THE MODELS
The various input physics parameters are the same as the ones used in the new grids of rotating models published in Ekström et al. (2012) , making this grid of VMS consistent with their published grid. We just recall here a few important points:
• The initial abundances for the models are listed in Table  1 . The mixture of heavy elements (Z) is taken from Asplund et al. (2005) except for the Ne abundances adopted from Cunha et al. (2006) and the isotopic ratios are taken from Lodders (2003) .
• Reaction rates are taken mostly from NACRE (Angulo et al. 1999) . The full list of updated rates as well as a short description of the effects on stellar evolution are presented in Ekström et al. (2012) .
• Neutrino energy loss in plasma, pair and photo-neutrino process is taken from Itoh et al. (1989) and Itoh et al. (1996) .
• Opacities is taken from OPAL (Iglesias & Rogers 1996) and completed with low temperature opacities from Ferguson et al. (2005) adapted for the high Ne abundance.
• For convection, the Schwarzschild criterion is used and a modest overshooting with an overshoot parameter, dover/HP = 0.10, is used for core hydrogen and helium burning only.
• The outer convective zone is treated according to the mixing length theory, using αMLT = 1.0. As explained in Ekström et al. (2012, and references therein) , αMLT = l/Hρ, where l is the mixing length and Hρ the density scale height to avoid an unphysical density inversion in the envelope.
• The treatment of rotation in the Geneva code has been described in Maeder & Meynet (2010) . For horizontal turbulence, we used the diffusion coefficient from Zahn (1992) and for the secular shear turbulence, we used the diffusion coefficient of Maeder (1997) .
• Note that the effects due to the creation of electronpositron pairs is not included in the equation of state but this does not affect the conclusions of this paper as discussed below. 
Mass loss
Mass loss strongly affects the evolution of very massive stars as we shall describe below. It is therefore important to understand the different mass loss prescriptions used and how they relate to each other. In this study, we used the following prescriptions. For main-sequence stars, we used the prescriptions for radiative line driven winds from Vink et al. (2001) , which compare rather well with observations (Crowther et al. 2010; Muijres et al. 2011) . For stars in a domain not covered by the Vink et al prescription, we applied the de Jager et al. (1988) prescription to models with log(T eff ) > 3.7. For log(T eff ) 3.7, we performed a linear fit to the data from Sylvester et al. (1998 ) and van Loon et al. (1999 ) (see Crowther 2001 . The formula used is given in Eq. 2.1 in Bennett et al. (2012) .
In the calculations, we consider that a star becomes a WR when the surface hydrogen mass fraction, Xs, becomes inferior to 0.3 and the effective temperature, log(T eff ), is greater than 4.0. The mass loss rate used during the WR phase depends on the WR sub-type. For the eWNL phase (when 0.3 > Xs > 0.05), the Gräfener & Hamann (2008) recipe is used (in the validity domain of this prescription, which usually covers most of the eWNL phase). In many cases, the WR mass-loss rate of Gräfener & Hamann (2008) is lower than the rate of Vink et al. (2001) , in which case, we used the latter. For the eWNE phase -when 0.05 > Xs and the ratio of the mass fractions of ( Nugis & Lamers (2000) . Note also that both the Nugis & Lamers (2000) and Gräfener & Hamann (2008) mass-loss rates account for clumping effects (Muijres et al. 2011) .
As is discussed below, the mass loss rates from Nugis & Lamers (2000) for the eWNE phase are much larger than in other phases and thus the largest mass loss occurs during this phase. In Crowther et al. (2010) , the mass loss prescription from Nugis & Lamers (2000) was used for both the eWNL and eWNE phases. The current models thus lose less mass than those presented in Crowther et al. (2010) during the eWNL phase.
The metallicity dependence of the mass loss rates is included in the following way. The mass loss rate used at a given metallicity,Ṁ (Z), is the mass loss rate at solar metallicity,Ṁ (Z ), multiplied by the ratio of the metallicities to the power of α:Ṁ (Z) =Ṁ (Z )(Z/Z ) α . α was set to 0.85 for the O-type phase and WN phase and 0.66 for the WC and WO phases; and for WR stars the initial metallicity rather than the actual surface metallicity was used in the equation above following Eldridge & Vink (2006) . α was set to 0.5 for the de Jager et al. (1988) prescription. Finally, α was set to 0 (no dependence) if log(T eff ) 3.7 (note that none of the models presented in this study reach such low effective temperatures). For rotating models, we applied to the radiative massloss rate the correction factor described in Maeder & Meynet (2000a) 
where Γ = L/L Edd = κL/(4πcGM ) is the Eddington factor (with κ the total opacity), and α the T eff −dependent force multiplier parameter.
Models computed
We calculated models of 120, 150, 200, 300 and 500 M . The initial properties of the models are listed in Table 2 . The ZAMS is chosen as the time when 0.3% in mass fraction of hydrogen is burnt. Although we focused our study on rotating stellar models, we also calculated non-rotating models at solar and LMC metallicities. The initial surface equatorial velocity was chosen in order to have the same ratio of the initial to critical velocity, υini/υcrit, of 0.4 on the ZAMS for all models in line with Ekström et al. (2012) . The surface velocity corresponding to this ratio increases with initial mass, except for the 500 M , for which the very high luminosity reduces the critical velocity (see Maeder & Meynet 2000b , for more details). This choice of initial velocities corresponds to an average velocity on the main sequence for 500 M model.
RESULTS OF VMS MODELS

VMS evolve nearly homogeneously
Probably the main characteristic that makes VMS quite different from their lower mass siblings is the fact that they possess very large convective cores during the MS phase. To illustrate this last point, Fig. 1 shows the convective core mass fraction for non-rotating massive stars at solar metallicity. It is apparent that the convective cores for masses above 150 M extend over more than 75% of the total mass of the star. Fig. 2 shows how age, metallicity and rotation influence this mass fraction. Comparing the top-left and bottom-left panels showing the rotating 150 M models at solar and SMC metallicities (Z), respectively, we can see that the convective core occupies a very slightly larger fraction of the total mass at SMC metallicity on the ZAMS. As for lower-mass massive stars, this is due to a lower CNO content leading to higher central temperature. This effect is counterbalanced by the lower opacity (especially at very low metallicities) and the net change in convective core size is small. As the evolution proceeds mass loss is weaker at lower Z and thus the total mass decreases slower than the convective core mass. This generally leads to a smaller fraction of the total mass occupied by the convective core in the SMC models.
We can see the impact of rotation by comparing the rotating (top-left) and non-rotating (top-right) 150 M models. The convective core size remains higher in the rotating model due to the additional mixing in radiative zones.
We can see that rotation induced mixing can even lead to an increase of the convective core size as is the case for the SMC model (bottom-left). This increase is typical of quasi-homogeneous evolution also found in previous studies (see Yoon et al. 2012 , and citations therein). The rotating 500 M model (bottom-right panel) evolves quasihomogeneously throughout its entire evolution, even with an initial ratio of the velocity to the critical velocity of 0.4. This feature of the most massive stars is a key factor governing their evolution as is discussed below.
Evolutionary tracks and lifetimes
In Figs. 3, 4 and 5, we present the evolutionary tracks of our present models with initial masses between 150 and 500 M for the three metallicities considered. Other properties of the present stellar models are given at various evolutionary stages in Tables 3, 4 and 5. A very first striking feature is that these massive star evolve vertically in the HR diagram (HRD) covering only very restricted ranges in effective temperatures but a very large range in luminosities. This is typical of an evolution mainly governed by mass loss and also by a strong internal mixing (here due to convection).
Let us now describe in more details the evolution of the non-rotating 500 M model at solar metallicity (see Fig. 3 ). In general, the luminosity of stars increases during the MS phase. Here we have that during that phase, the luminosity decreases slightly by about 0.1 dex. This is the consequence of very high mass loss rates (of the order of 7 × 10 −5 M per year) already at very early evolutionary stages.
At an age of 1.43 million years, the mass fraction of hydrogen at the surface becomes inferior to 0.3, the star enters into the WR phase and has an actual mass decreased by about 40% with respect to its initial value. At that time the mass fraction of hydrogen in the core is 0.24. Thus this star enters the WR phase while still burning its hydrogen in its core and having nearly the same amount of hydrogen at the centre and at the surface, illustrating the nearly homogeneous nature of its evolution. Typically for this model, the convective core encompasses nearly 96% of the total mass on the ZAMS (see also Fig. 1) .
At an age equal to 2.00 Myr, the mass fraction of hydrogen is zero in the core (Xc = 0). The star has lost a huge amount of mass through stellar winds and has at this stage an actual mass of 55.7 M . So, since the entrance into the WR phase, the star has lost about 245 M , i.e. about half of its total mass. This strong mass loss episode translates into the HR diagram by a very important decrease in luminosity. Note that when Xc is zero, the convective core still encompass 80% of the total stellar mass! The core helium burning phase last for about 0.3 Myr, that means slightly more than 15% of the MS lifetime. At the end of the core He burning phase, the actual mass of the star is 29.82 M , its age is 2.32 My, the mass fraction of helium at the surface is 0.26. The last model has an age of 2.32 My, an actual mass of 29.75 and a helium surface abundance in mass fraction of 0.06. The total WR phase It is interesting to compare the evolution of the 500 M stellar model with that of the 150 M model. In contrast to the 500 M model, the 150 M increases in luminosity during the MS phase. Looking at the HRD we see that the O-type star phases of the 150 and 500 M models cover more or less the same effective temperature range. This illustrates the well known fact that the colors of stars for this mass range does not change much with the initial mass.
When the stars enters into the WR phase, in contrast to the case of the 500 M where the luminosity decreases steeply, the luminosity of the 150 M model continues to increase a little. The luminosities of the two models when the hydrogen mass fraction at the surface becomes inferior to 10 −5 differ by just a little more than 0.1 dex. The effective temperatures are similar. Thus one expects stars from very different initial masses to occupy similar positions in the HRD (the 500 M star being slightly less luminous than the 150 M during the WR phase). We note that after the end of the core He-burning phase, the star evolves to the red and terminate its lifetime around an effective temperature of Log T eff equal to 4. This comes from the core contraction at the end of core He-burning which releases energy and leads to an envelope expansion akin to the expansion of the envelope at the end of the MS (see also Yoshida & Umeda 2011) . Let us now consider how rotation changes the picture. Figure 3 right panel shows the evolutionary tracks of the Z = 0.014 rotating tracks in a similar way as in the left panel. The changes brought by rotation are modest. This is expected because of two facts: first, in this high mass range, the evolution is more impacted by mass loss than by rotation, second, stars are already well mixed by the large convective cores. One notes however a few differences between the non-rotating and rotating models. One of the most striking is the fact that the models during their O-type phase evolve nearly vertically when rotation is accounted for. This is the effect of rotational mixing which keep the star more homogeneous than in the non-rotating cases (although, as underlined above, already in models with no rotation, due to the importance of the convective core, stars are never very far from chemical homogeneity). As was the case in the non-rotating tracks, the O-type star phase corresponds to an upward displacement when time goes on in the HR diagram for the 150 M model, while, it corresponds to a downwards displacement for the three more massive models. One notes finally that lower luminosities are reached by the rotating models at the end of their evolution (decrease by about 0.3 dex in luminosity, thus by a factor 2). This comes mainly because the rotating models enter earlier into their WR phase and thus lose more mass.
How does a change in metallicity alter the picture? When the metallicity decreases to Z=0.006 (see Fig. 4 ), as expected, tracks are shifted to higher luminosities and effective temperatures. In this metallicity range, all models evolve upwards during their O-type star phase in the HR diagram. This is an effect of the lower mass loss rates.
As was already the case at Z=0.014, rotation makes the star to evolve nearly vertically in the HR diagram. One notes in this metallicity range, much more important effects of rotation than at Z=0.014, which is also expected, since at these lower metallicity, mass loss rates are smaller and rotational mixing more efficient. We note that most of the decrease in luminosity in the 500 M solar mass model occurs during the WC phase in the Z=0.006 non-rotating model, while it occurs during the WNL phase in the rotating one. This illustrates the fact that rotational mixing, by creating a much larger H-rich region in the star, tends to considerably increase the duration of the WNL phase. One notes also that while the 150 M model enters the WR phase only after the MS phase, the rotating model becomes a WR star before the end of the MS phase.
At the metallicity of the SMC (see Fig. 5 ), except for the 500 M , the tracks evolve horizontally after the end of the core H-burning phase (triangle in Fig. 5 ). The much lower mass loss rates are responsible for this effect. 
Lifetimes and mass-luminosity relation
In Tables 3-5 , we provide lifetimes at the end of core hydrogen-burning, core helium burning and the total stellar lifetimes, respectively. The end of a burning stage is chosen when the mass fraction of the main fuel becomes less than 10 −5 . We see that the MS lifetime of non-rotating models at solar metallicity ranges from 2.67 Myr to 1.99 Myr for initial masses ranging from 120 to 500 M showing the well known fact that VMS have a very weak lifetime dependence on their initial mass.
The mass-luminosity relation on the ZAMS for rotating massive stars at solar composition is shown in Fig. 6 . The relation (L ∝ M α ) is steep for low and intermediate-mass stars (α ∼ 3 for 10 < M/M < 20) and flattens for VMS (α ∼ 1.3 for 200 < M/M < 500). This flattening is due to the increased radiation pressure relative to gas pressure in massive stars. Since the lifetime of a star is roughly M/L, we get that for VMS τ ∝ M/L ∝ M −0.3 . The H-burning (and total) lifetimes of VMS are lengthened by rotation as in lower mass stars. Differences in the H-burning lifetimes of rotating and non-rotating 150 M models at solar metallicity are ∼ 14%. The effects of metallicity on the lifetimes are generally very small. The small differences in total lifetimes are due to different mass loss at different metallicities. . Mass-luminosity relation on the ZAMS for rotating models at solar metallicity. The formulae in the bottom right corner are linear fits for the mass ranges: 9-50 M and 80-500 M . As can be seen in Table 2 , the non-rotating models have very similar properties on the ZAMS.
Mass loss by stellar winds
Mass loss by stellar winds is a key factor governing the evolution of VMS. This comes from the very high luminosities reached by these objects. For example, the luminosity derived for R136a1 is about 10 million times that of our sun.
For such luminous objects, winds will be very powerful at all evolutionary stages, so while early main-sequence VMS are formally O-type stars from an evolutionary perspective, their spectral appearance may be closer to Of or Of/WN at early phases (Crowther et al. 2012) . Table 6 gives the total mass at the start and end of the evolution as well as at the transitions between the different WR phases in columns 1 to 5. The average mass loss rates during the O-type and eWNE phases (the phase during which the mass loss rates are highest) are given in columns 6 and 7, respectively.
The evolution of the mass loss rates for various models are shown in Fig. 7 . Following the evolution from left to right for the 150 M model at solar metallicity (solid-black), mass loss rates slowly increase at the start of the O-type phase with mass loss rates between 10 −5 (absolute values for the mass loss rates, −Ṁ , are quoted in this paragraph) and 10 −4.5 . If a bi-stability limit is encountered during the O-type phase, as is the case in the non-rotating 150 M model, mass loss rates can vary significantly over a short period of time and mass loss peaks reach values higher than 10 −4 . The highest mass loss rate is encountered at the start of the eWNE phase (star symbols) with values in excess of 10 −3 (note that the mass loss rate in the non-rotating model has a peak at the end of the H-burning phase. phase due to the star reaching temporarily cooler effective temperatures). Table 3 . Properties of the hydrogen burning phase: initial properties of stellar models (columns 1-3), lifetime of H-burning and O-type star phase (4-5), average MS surface velocity (6) and properties at the end of the core H-burning phase (7-15). Masses are in solar masses, velocities are in km s −1 , lifetimes are in 10 6 years and abundances are surface abundances in mass fractions. The luminosity, L, is in log 10 (L/L ) unit and the effective temperature, T eff , is in log 10 [K]. Note that the effective temperature given here includes a correction for WR stars to take into account the fact that their winds are optically thick as in . Table 4 . Properties of the helium burning phase: initial properties of stellar models (columns 1-3), age of star at the end of He-burning (4), average He-b. surface velocity (5) and properties at the end of the core He-burning phase (6-15). Abundances are given for the surface, except for 12 Cc, which represents the central C abundance. Same units as in Table 3 .
] is the angular momentum contained in the CO core (Note that at this stage the angular velocity is constant in the CO core due to convective mixing). Table 5 . Key properties at the end of the calculations (last model): initial properties of stellar models (columns 1-3), burning stage corresponding to the last model (4), total lifetime (5), average surface velocity after core He-burning (6) and properties at the last model (7) (8) (9) (10) (11) (12) (13) (14) . Same units as in Table 3 . Such high mass loss rates quickly reduce the mass and luminosity of the star and thus the mass loss rate also decreases quickly during the eWNE phase. During the WC/WO phase, mass loss rates are of the same order of magnitude as during the O-type phase.
Comparing the rotating 500 and 150 M model at solar metallicity (solid black and red), we see that more massive stars start with higher mass loss rates but converge later on to similar mass loss rates since the total mass of the models converges to similar values (see Table 6 ).
Comparing the SMC and solar metallicity 150 M rotating models, we can clearly see the metallicity effect during the O-type star phase. During the eWNE phase, mass loss rates are similar and in the WC/WO, mass loss rates in the SMC model are actually higher since the total mass in that model remained high in contrast with solar metallicity models. Table 6 also shows the relative importance of the mass lost during the various phases and how their importance changes as a function of metallicity. Even though mass loss is the strongest during the eWNE phase, significant amount of mass is lost in all phases. . Eddington parameter, Γ edd for rotating models at solar metallicity. Γ edd is plotted on the ZAMS (blue line) and the end of H-(light blue), He-(green) and C-burning (red) phases. Except for the 300 and 500 M models, Γ edd increases throughout the evolution. At solar metallicity, the highest value (close to 0.8) is actually reached by the 85 M model at the end of its evolution. This could lead to significant mass loss shortly before the final explosion in a model that ends as a WR star and potentially explain supernova surrounded by a thick circumstellar material without the need for the star to be in the luminous variable phase. The formulae in the bottom right corner are linear fits for the mass ranges: 9-50 M and 80-500 M . As can be seen in Table 2 , the non-rotating models have very similar properties on the ZAMS.
to the Wolf-Rayet stage. In the present work, we did not use such a mass loss rate prescription. In order to know whether it would have had an impact on the present result, we discuss here the proximity of our models to the Eddington limit. Figure 8 shows the Eddington parameter, Γ Edd = L/L Edd = κL/(4πcGM ), as a function of the initial mass of our models at key stages (see also Table 2 ). Since the Eddington parameter, Γ Edd scales with L/M , the curve for Γ Edd also flattens for VMS. The ZAMS values for Γ Edd range between 0.4 − 0.6, so well below the Eddington limit, Γ Edd = 1, and below the limiting value of 0.7 where enhanced mass-loss rates are expected according to Gräfener et al. (2011) .
How does Γ Edd change during the lifetime of VMS? Fig. 9 presents the evolution of Γ Edd for a subset of representative models. The numerical values for each model are given at key stages in Tables 3-5. Since Γ Edd ∝ κL/M , an increase in luminosity and a decrease in mass both lead to higher Γ Edd . Changes in effective temperature and chemical composition affect the opacity and also lead to changes in Γ Edd .
In rotating models at solar metallicity, Γ Edd slowly increases until the start of the eWNE phase. This is mainly due to the increase in luminosity and decrease in mass of the model. At the start of the eWNE phase, mass loss increases significantly. This leads to a strong decrease in the luminosity of the model and as a result Γ Edd decreases sharply. During the WC/WO phase, mass loss rates being of similar values as during the O-type star phase, Γ Edd increases again gradually.
We can see that, at solar metallicity, Γ Edd rarely increases beyond 0.7 even in the 500 M model. There are nevertheless two interesting cases in which values above 0.7 are reached. The first case is during the advanced stages. At this stage, mass loss does not have much time to change the total mass of the star (it is mostly changes in effective temperature and to a minor extent in luminosity that influence the increase in Γ Edd ). This may nevertheless trigger instabilities resulting in strong mass loss episodes. This may have consequences for the type of SN event that such star will produce and may be a reason why the explosion of VMS may look like as if they had happened in environment similar to those observed around Luminous Blue Variable. The second case is at low metallicity, as highlighted by the 150 M model. Indeed, values above 0.7 are reached before the end of the MS (square symbol). We plan to determine the impact of using mass loss prescriptions such as the ones of Gräfener et al. (2011) and Maeder et al. (2012) on the fate of VMS in a forthcoming study. The non-rotating model has a different mass loss history (see Fig. 7 ), which explains the slightly different evolution of Γ Edd near the end of the main sequence.
Evolution of the surface velocity
The surface velocity of stars is affected by several processes. Contraction or expansion of the surface respectively increases and decreases the surface velocity due to conservation of angular momentum. Mass loss removes angular momentum and thus decreases the surface velocity. Finally internal transport of angular momentum generally increases the surface velocity. As shown in Fig. 10 (left panel) , at solar metallicity, the surface velocity rapidly decreases during the main sequence due to the strong mass loss over the entire mass range of VMS. At SMC metallicity, mass loss is weaker and internal transport of angular momentum initially dominate over mass loss and the surface velocity increases during the first half of the MS phase. During this time, the ratio of surface velocity to critical velocity also increases up to values close to 0.7 (note that our models include the effect of the luminosity of the star when determining the critical rotation as described in Maeder & Meynet 2000a) . However, at SMC metallicity, in contrast with very low and zero metallicity stars (Hirschi 2007; Ekström et al. 2008; Yoon et al. 2012; Chatzopoulos & Wheeler 2012) , mass loss eventually starts to dominate and the surface velocity and its ratio to critical rotation both decrease for the rest of the evolution. SMC stars thus never reach critical rotation. The angular momentum content in the core of VMS stars are discussed in Sect. 5.3
WR STARS FROM VMS
In Fig. 11 , we present the evolution of the surface abundances as a function of the total mass for the solar metallicity rotating models of 150 and 60 M . This figure shows how the combined effects of mass loss and internal mixing change their surface composition. Qualitatively there are no big differences between the 60 and 150 M models. Since the 150 M has larger cores, the transition to the various WR stages occurs at larger total masses compared to the 60 M model. It thus confirm the general idea that a more massive (thus more luminous) WR star originates from a more massive O-type star. Figure 11 shows that all abundances and abundance ratios are very similar for a given WR phase. it is therefore not possible to distinguish a WR originating from a VMS from its surface chemical composition (however see below).
We present in Table 7 the lifetimes of the different WR phases through which all our VMS models evolve. At solar metallicity, the WR phase of non-rotating stellar models for masses between 150 and 500 M covers between 16 and 38% of the total stellar lifetime. This is a significantly larger proportion than for masses between 20 and 120 M , where the WR phase covers only 0-13% percents of the total stellar lifetimes. At the LMC metallicity, the proportion of the total stellar lifetime spent as a WR phase for VMS decreases to values between 12% (150 M ) and 25% (500 M ). Figure 12 shows how these lifetimes varies as a function of mass for our non-rotating and rotating solar metallicity models. Looking first at the non-rotating models (Fig. 12,  left) , we see that the very massive stars (above 150 M ) have WR lifetimes between 0.4 and nearly 1 My. The longest WR phase is the WNL phase since these stars spend a large Ratio of angular surface velocity to critical angular velocity, Ω/Ωcrit G150z14S400 G500z14S400 G150z02S400 Figure 10 . Evolution of surface equatorial velocity (left) and ratio of the surface angular velocity to the critical angular velocity (right) for the rotating solar metallicity 150 and 500 M and SMC 150 M models as a function of age of the star. fraction of H-burning in this phase. The duration of the WC phases of VMS is not so much different from those of stars in the mass range between 50 and 120 M .
Rotation significantly increases the WR lifetimes. Typically, the WR phase of rotating stellar models for masses between 150 and 500 M covers between 36 and 43% of the total stellar lifetime. The increase is more important for the lower mass range plotted in the figures. This reflects the fact that for lower initial mass stars, mass loss rates are weaker and thus the mixing induced by rotation has a greater impact. We see that this increase is mostly due to longer durations for the WNL phase, the WC phase duration remaining more or less constant for the whole mass range between 50 and 500 M as was the case for the non rotat- ing models. Rotation has qualitatively similar effects at the LMC metallicities. Would the account of the VMS stars in the computation of the number ratios of WR to O-type stars and on the WN/WC ratios have a significant effect? The inclusion of VMS is marginal at solar metallicity, since the durations are only affected by a factor 2. Convoluted with the weighting of the initial mass function (IMF), WR stars originating from VMS only represent ∼ 10% of the whole population of WR stars (using a Salpeter 1955, IMF) originating from single stars. However, the situation is different at SMC metallicity. Due to the weakness of the stellar winds, single stellar models below 120 M at this Z do not produce any WC or WO stars (Georgy et al. in prep.) . In that case, we expect that the few WC/WO stars observed at low metallicity come from VMS, or from the binary channel (Eldridge et al. 2008) . In starburst regions, the detection of WR stars at very young ages would also be an indication that they come from VMS, as these stars enter the WR phase before their less massive counterparts, and well before WRs coming from the binary channel.
We see in Fig. 13 that the present VMS models well fit the most luminous WNL stars. On the other hand, they predict very luminous WC stars. Of course the fact that no such luminous WC stars has ever been observed can simply come from the fact that such stars are very rare and the lifetime in the WC phase is moreover relatively short. Figure 14 shows the chemical structure at the last time steps calculated, which is the end of the carbon burning phase in the case of the 40 M , and the end of the core oxygenburning phase in the case of the 150 and 500 M models. A few interesting points come out from considering this figure. First, in all cases, some helium is still present in the outer layers. Depending on how the final stellar explosion occur, this helium may or may not be apparent in the spectrum, as discussed in Sect. 5. Second, just below the He-burning shell, products of the core He-burning, not affected by further carbon burning are apparent. This zone extends between about 4 and 10 M in the 40 M model, between about 32 and 35 M in the 150 M model and in a tiny region centered around 24 M in the 500 M model. We therefore see that this zone decreases in importance when the initial mass increases. Interestingly, the chemical composition in this zone present striking differences if we compare for instance the 40 M and the 500 M model. We can see that the abundance of 20 Ne is much higher in the more massive model. This comes from the fact that in more massive stars, due to higher central temperatures during the core He-burning phase the reaction 16 O(α, γ) 20 Ne is more active, building thus more 20 Ne. Note that 24 Mg is also more abundant, which is natural since the reaction 20 Ne(α, γ) 24 Mg reaction will also be somewhat active in VMS for the same reasons. While in the case of the 150 M , due to the mass loss history, the 20 Ne and 24 Mg-rich layers are not uncovered, they are uncovered in the 500 M model. This implies that strong overabundances of these two isotopes at the surface of WC stars can be taken as a signature for an initially very massive stars as the progenitor of that WC star. It means also that, contrary to what occurs at the surface of WC stars originating from lower initial mass stars, neon is no longer present mainly in the form of 22 Ne (and thus be a measure of the initial CNO content since resulting from the transformation of nitrogen produced by CNO burning during the H-burning phase) but will mainly be present in the form of 20 Ne. Rotation does not change much this picture (see right panel of Fig. 14) , except that, due to different mass loss histories, the rotating models lose much more mass and end their evolution with smaller cores. This is particularly striking for the 150 M model. Qualitatively the situation is not much different at lower metallicities.
The final chemical structure
FATE OF VERY MASSIVE STARS
The best way to predict the fate of our models would be to simulate their evolution and final explosion, which we have done for a subset of the models with the KEPLER code (as described below) but whether or not a star produces a PCSN can be reasonably estimated from the mass of its carbon-oxygen (CO) core as demonstrated by the similar fate for stars with the same CO core found in various studies of VMS in the early Universe (Bond et al. 1984; Heger & Woosley 2002; Chatzopoulos & Wheeler 2012; Dessart et al. 2013 ), even if their prior evolution is different. Our models also confirm the idea that the CO core mass is a good indicator for the advanced evolution and thus the fate of the models. Indeed, as discussed below, stars with a wide range of initial masses at solar metallicity end with a very similar total mass at the end of He-burning (thus a very similar CO core mass) and they have extremely similar evolution during the advanced stages. In this section, we will thus use the CO core mass to estimate the fate of the models. It is important to stress that for lower-mass massive stars ( 50 M ), the CO core mass alone is not sufficient to predict the fate of the star and other factors like compactness, rotation and the central carbon abundance at the end of helium burning also play a role (see e. g. Chieffi & Limongi 2013 ). We will also discuss the supernova types that these VMS may produce.
Advanced phases, final masses and masses of carbon-oxygen cores
In Fig. 15 , the structure evolution diagrams are drawn as a function of the log of the time left until the last model calculated (as opposed to age used in Fig. 2 ). This choice of x axis allows one to see the evolution of the structure during the advanced stages. In the left panel, we can see that, at solar metallicity, VMS have an advanced evolution identical to lower mass stars (see e. g. Fig. 12 in Hirschi et al. 2004 ) with a radiative core C-burning followed by a large convective Cburning shell, radiative neon burning and convective oxygen and silicon burning stages. All the solar metallicity models will eventually undergo core collapse after going through the usual advanced burning stages. As presented in Table 4 (column 9), the central mass fraction of 12 C is very low in all VMS models and is anti-correlated with the total mass at the end of helium burning (column 6): the higher the total mass, the lower the central 12 C mass fraction. This is due to the higher temperature is more massive cores leading to a more efficient 12 C(α, γ) 16 O relative to 3α. The similarities between VMS and lower mass stars at solar metallicity during the advanced stages can also be seen in the central temperature versus central density diagram (see Fig. 16 ). Even the evolution of the 500 M rotating model is close to that of the 60 M model. The non-rotating models lose less mass as described above and Figure 14 . Chemical structure of 40, 150 and 500 M nonrotating (left) and rotating (right) models at Z=0.014 at the end of the calculations. Note that the rotating 500 M model is shown at an earlier evolutionary stage than the corresponding non-rotating model.
thus their evolutionary track is higher (see e. g. the track for the non-rotating 150 M model in Fig. 16 ). Non-rotating models nevertheless stay clear of the pair-instability region (Γ < 4/3, where Γ is the adiabatic index) in the centre. The situation is quite different at SMC metallicity (right panel). Mass loss is weaker and thus the CO core is very large (93.5 M for this 150 M model). Such a large core starts the advanced stages in a similar way: radiative core C-burning followed by a large convective C-burning shell and radiative neon burning. The evolution starts to diverge from this point onwards. As can be seen in Tc vs ρc plot, the SMC 150 M model enters the pair-instability region. These models will thus have a different final fate than those at solar metallicity (see below). Figure 17 (see also Table 6 ) shows the final masses obtained in the present models as a function of the initial masses. All models at solar Z, rotating or not, end with a small fraction of their initial mass due to the strong mass losses they experience. Rotation enhances mass loss by allowing the star to enter the WR phase earlier during the MS (see top panels of Fig. 2 ) and the final mass of nonrotating models is generally higher than that of rotating models. At low metallicities, due to the metallicity dependence of radiatively-driven stellar winds in both O-type stars (Vink et al. 2001 ) and WR stars (Eldridge & Vink 2006) , final masses are larger. Fig. 18 shows how the CO core masses vary as a function of the initial mass, rotation and metallicity. The CO core (MCO) is here defined as the core mass for which the mass fraction of C+O is greater than 75%. Since the CO core mass is so close to the total mass, the behavior is the same as for the total mass and for the same reasons. For the rotating solar metallicity models, mass loss is so strong that all models end with roughly the same CO core mass around 20 M . As the metallicity decreases, so does mass loss and thus the LMC and SMC models have higher final CO core masses and the CO core mass does depend on the initial mass in a monotonous way. Finally, non-rotating Si-b.
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Figure 16. Evolution of the central temperature Tc versus central density ρc for the rotating 20 (from Hirschi et al. 2004 ), 60 (from Ekström et al. 2012 , 150 and 500 M models and nonrotating 150 M model at solar metallicity as well as the rotating 150 M model at SMC metallicity. The gray shaded area is the pair-creation instability region (Γ < 4/3, where Γ is the adiabatic index). The additional dotted line corresponds to the limit between non-degenerate and degenerate electron gas.
models lose less mass than their rotating counterpart since they enter the WR phase later and also have less hot surface. We see in Fig. 18 that the final CO core mass of our nonrotating models at Z = 0.006 are slightly smaller than those obtained for non-rotating stars at Z = 0.004 by Yoshida & Umeda (2011) . We have also compared the evolutionary tracks in the HRD of our non-rotating LMC models and the models of Yoshida & Umeda (2011) case A and found them to be qualitatively very similar. As discussed above, the core masses, especially the CO core masses, can be used to estimate whether or not our models produce PCSN by using the results of previous studies, which follow the explosion of such massive cores and knowing that VMS with the same CO core masses have similar core evolution from carbon burning onwards. Heger & Woosley (2002) calculated a grid of models and found that stars with helium cores (Mα) between 64 and 133 M produce Pair Creation SuperNova (PCSN) supernova and that stars with more massive Mα will collapse to a BH without explosion, confirming the results of previous studies, such as Bond et al. (1984) . The independent results of Chatzopoulos & Wheeler (2012) also confirm the CO core mass range that produce PCSNe. Let us recall here that PCSNe occur when very massive stars (VMS) experience an instability in their core during the neon/oxygen burning stage due to the creation of electron-positron pairs out of two photons. The creation of pairs in their oxygen-rich core softens the equation of state, leading to further contraction. This runaway collapse is predicted to produce a very powerful explosion, in excess of 10 53 erg, disrupting the entire star and leaving no remnant (Bond et al. 1984; Fryer et al. 2001) . Heger & Woosley (2002) also find that stars with Mα between roughly 40 and 63 M will undergo violent pulsations induced by the pair-instability leading to strong mass loss but which will not be sufficient to disrupt the core. Thus these stars will eventually undergo core collapse as lower mass stars. Since in our models, the CO core masses are very close to Mα (equal to the final total mass in our models, see Table 8 ), in this study we assume that our models will produce a PCSN if 60 M MCO 130 M . In Fig. 18 , the light grey shaded region corresponds to the zone where one would expect a PCSN, the dark shaded region show the estimated range of the carbon oxygen core of the progenitor of SN2007bi, as discussed below.
We see in Fig. 18 that at solar metallicity none of our models is expected to explode as a PCSN. At the metallicity of the LMC, only stars with initial masses above 450 for the rotating models and above about 300 M for the nonrotating case are expected to explode as a PCSN. At the SMC metallicity, the mass range for the PCSN progenitors is much more favorable. Extrapolating the points obtained from our models we obtain that all stars in the mass range between about 100 M and 290 M could produce PCSNe. Thus our models provide support for the occurrence of PCSNe in the nearby (not so metal poor) universe.
As mentioned earlier, the evolution of a subset of models (the SMC rotating 150, 200 and 300 M models and the LMC rotating and non-rotating 500 M models) has been followed from the end of core helium burning through to explosions with the Kepler code. The KEPLER simulations confirm that the SMC rotating 150 and 200 M models and the rotating and non-rotating 500 M LMC models indeed end as a PCSN and their properties will be presented in a forthcoming paper (Whalen et al., in preparation) . Table 8 presents for each of the models, the initial mass (Mini), the amount of helium left in the star at the end of the calculation (M env He ), and final total mass as well as the predicted fate in terms of the explosion type: PCSN or corecollapse supernova and black hole formation with or without mass ejection (CCSN/BH). The helium core mass (Mα) is not given since it is always equal to the final total mass, all our models having lost the entire hydrogen-rich layers.
Supernova types produced by VMS and comparison to observed superluminous SNe
Let us recall that, in VMS, convective cores are very large. It is larger than 90% above 200 M at the start of the evolution and even though it decreases slightly during the evolution, at the end of core H-burning, the convective core occupies more than half of the initial mass in non-rotating models and most of the star in rotating models. This has an important implication concerning the type of supernovae that these VMS will produce. Indeed, even if mass loss is not very strong in SMC models, all the models we have calculated have lost the entire hydrogen rich layers long before the end of helium burning. Thus our models predict that all VMS stars in the metallicity range studied will produce either a type Ib or type Ic SN but no type II. Since SN2006gy is a type IIn supernova (Smith et al. 2007 ), our models support the idea that the IIn type is due to interaction with circumstellar material rather than by a PCSN from a VMS that had retained its H-rich envelope as discussed in Smith et al. (2007) . Our models clearly predict no type II SNe but it is not so clear whether the VMS stars that we modeled will produce type Ib or Ic SNe. The distinctive feature of SNe Ic is the absence of He i lines in their spectra. The absence of lines, however, is not necessarily indicative of a complete absence of helium (see e.ġ. . Other factors such as temperature, density in the region where helium is present are important for the strength of lines. Thus from a theoretical point of view, we are left with some freedom to chose the criterion deciding on whether a star will produce a type Ib or type Ic SN.
A first approach is based on the total He mass in the envelope. Wellstein & Langer (1999) and Yoon et al. (2010) choose 0.5 M while Georgy et al. (2009) proposed 0.6 M as their limit. However, Georgy et al. (2009) also reported that the choice of He mass limit between 0.6 and 1.5 M hardly affects the mass of main sequence ranges for SN Ic/Ib. The total mass of helium left in the star at the end of the simulations, M env He for all our models is presented in Fig. 19 . Considering that a type Ic supernova is detected only if the total He mass is less than 0.5 M (light grey area), we see that almost none of our models would predict a type Ic supernova. Only the 300 and 500 non-rotating solar metallicity models would barely qualify. On the other hand, considering that a type Ic supernova is detected if the total He mass is less than 1.5 M (dark+light grey area), then most models at solar and LMC metallicities would produce type Ic while SMC models would produce type Ib supernova.
A second approach is to use the surface He mass fraction, X surface He since only a shell of material is excited at a given time. We use the value of X surface He = 0.5 as in Yoshida & Umeda (2011) and Yoon et al. (2010) as the boundary between type Ib and Ic supernovae (see Fig. 19 , bottom panel). Using this approach, we find that all our LMC and solar metallicity models end as SN Ic, whereas those at SMC metallicity end as SNIb. Since it is mostly the SMC models that are predicted to produce PCSN, our models would predict that PCSN are most likely to appear as SNIb. Yoon et al. (2010) reported that the He lines are not seen in earlytime spectra even though the total He mass is as large as 1.0 M if He is well mixed with CO thus detailed spectral modeling should be used to put tighter constraints on the supernova type.
Are superluminous SNe PCSNe?
We have evaluated the initial mass range that might produce PCSN using the final CO core mass of our models. We can now see how our models compare with observed superluminous SNe (SLSNe). Since none of our models retain hydrogen, we will not try to determine a possible initial mass for the progenitor of SNIIn SN2006gy. Interactions with a dense circumstellar medium is a possible scenario for such SLSNe (Gal-Yam 2012) . The case of SN2007bi is more interesting since this SLSN is a type Ic supernova and its light curve is easily explained by a PCSN (Gal-Yam et al. 2009 ). The light curve of this supernova can be explained by a PCSN with a CO core mass equal to roughly 100 M . Yoshida & Umeda (2011) calculated models at Z = 0.004 (the estimated metallicity for SN2007bi) and find that models with an initial mass of ∼500 M end with the required CO core using a standard mass loss prescription (case A) as shown in Fig. 18 . Assuming that SN2007bi had a SMC metallicity (which is still within uncertainties), we see in Fig. 18 that the desired CO core mass can be obtained from a much lower initial mass range, roughly between 160 and 175 M , which makes the probability of such events much higher.
There are, however, several issues with the PCSN scenario to explain the properties of SN2007bi. First, all stellar evolution models retain some helium at their surface and it is not clear whether these models would be observed as type Ic SNe. Second, the synthetic spectra from PCSNe seem to be much redder than the observed spectrum of SN2007bi and other SLSNe (Dessart et al. , 2013 . Other pos- sible scenarios proposed for SLSNe are energetic SNe (see e. g. Yoshida & Umeda 2011 ) and magnetar-driven explosions (see , and references therein).
GRBs from VMS?
Yoon et al. (2012) calculated a grid of zero-metallicity rotating stars, including the Taylor-Spruit dynamo for the interaction between rotation and magnetic fields. They find that fast rotating stars with an initial mass below about 200 M retain enough angular momentum in their cores in order to produce a collapsar (j > j Kerr,lso Woosley 1993) or a magnetar (see e. g. Wheeler et al. 2000; Burrows et al. 2007; .
The evolution of the surface velocity was described in Sect. 3.6. Only models at SMC retain a significant amount of rotation during their evolution (see angular momentum contained in the CO core at the end of helium burning in the last column of Table 4 ) but do they retain enough angular momentum for rotation to affect the fate of the star? The angular momentum profile of the SMC models is presented in Fig. 20 . Note that our models do not include the TaylorSpruit dynamo so represent the most optimistic (highest possible) prediction concerning the angular momentum in the core of these models. Mass loss in the 300 M model is too strong for the core to retain enough angular momentum for rotation to impact the death of this model. In the 200 M model, and even more so in the 150 M model, however, the central part of the core retain a significant amount of angular momentum that could potentially affect the death of the star. Since the role of rotation is very modest from carbon until just after the end of core silicon burning, even for extremely fast rotators (see e. g. Hirschi et al. 2005 ; Chieffi & Limongi 2013), we do not expect rotation to affect significantly the fate of stars that are predicted to explode as PCSN during neon-oxygen burning. However, as discussed in Yoon et al. (2012, and references therein) , the large angular momentum content is most interesting for the stars that just fall short of the minimum CO core mass for PCSN (since fast rotation plays an important role during the early collapse Ott et al. 2004; O'Connor & Ott 2011; Chieffi & Limongi 2013) . Indeed, without rotation, these stars would produce a BH following a possible pulsation pair-creation phase, whereas with rotation, these stars could produce energetic asymmetric explosions (GRBs or magnetars). Since the 150 M model is predicted to explode as a PCSN, we thus do not expect the models presented in this grid to produce GRBs or magnetars but such energetic asymmetric explosions are likely to take place in lower mass and lower metallicity stars (see Hirschi et al. 2005; Yoon & Langer 2005; Woosley & Heger 2006 ).
SUMMARY AND CONCLUSION
We have calculated a grids of stellar models of very massive stars at SMC, LMC and solar metallicities. Our study is motivated by the finding of very massive stars including R136a1 (Crowther et al. 2010 ) and the observation of PCSN candidate, SN 2007bi by (Gal-Yam et al. 2009 ).
The main results of this study are the following:
• VMS possess very large convective cores during the MS phase. Typically, in a 200 M model on the ZAMS the convective core extends over more than 90% of the total mass.
• Even in models with no rotation, due to the importance of the convective core, VMS stars evolve nearly homogeneously.
• Most of the very massive stars (all at solar Z) remain in blue regions of the HR diagram and do not go through a luminous blue variable phase.
• They all enter into the WR phase and their typical evolution will be Of -WNL-WNE -WC/WO.
• Due to increasing mass loss rates with the mass, very different initial mass stars end with similar final masses. As a consequence very different initial masses may during some of their evolutionary phases occupy very similar positions in the HRD.
• A significant proportion of the total stellar lifetimes of VMS is spent in the WR phase. At solar metallicity between 16 and 43% depending on the initial mass and rotation. These proportions decrease with the metallicity to values between 12 and 39% for the LMC metallicity.
• A WC star with high Ne ( 20 Ne) and Mg ( 24 Mg) abundances at the surface has necessarily a VMS as progenitor.
• At solar metallicity none of our model is expected to explode as a PCSN. At the metallicity of the LMC, only stars with initial masses above 450 for the rotating models and above about 300 M for the non-rotating case are expected to explode as a PCSN. At the SMC metallicity, the mass range for the PCSN progenitors is much more favorable. We obtain that all rotating stars in the mass range between about 100 M and 290 M would produce PCSNe.
• All the models we have calculated have lost the entire hydrogen rich layers long before the end of helium burning. Thus our models predict that all VMS stars in the metallicity range studied will produce either a type Ib or type Ic SN but no type II.
• Assuming that SN2007bi had a SMC metallicity, we determine an initial mass for the progenitor between 160 and 175 M .
• We do not expect that the models presented in this grid produce GRBs or magnetars. The reason for that is that either they lose too much angular momentum by mass loss or they avoid the formation of a neutron star or BH because they explode as PCSN. Lower mass stars at low metallicities (Z 0.002), however, may retain enough angular momentum as in metal free stars (see Yoon et al. 2012; Chatzopoulos & Wheeler 2012) for rotation (and magnetic fields) to play a significant role in their explosion.
To conclude this paper, we can wonder what the importance of the VMS on the scale of galaxies is? Are very massive stars so rare that whatever their evolution, their impact on energy and mass outputs will anyway be very low? Considering a Salpeter IMF, the number of stars with masses between 120 and 500 M corresponds to only about 2% of the total number of stars with masses between 8 and 500 M . So they are indeed only very few! On the other hand, one explosion can release a great amount of energy and mass into the interstellar medium. Typically a 200 M star releases about ten times more mass than a 20 M star. If we roughly suppose that for hundred 20 M stars there are only two 200 M star, this means that the 200 M stars contribute to the release of mass at a level corresponding to about 20% of the release of mass by 20 M , which is by far not negligible. Of course this is a rough estimate but, as a rule of thumb we can say that any quantity released by a VMS ∼ tenfold intensity compared to that of a typical, 20-Msol star will make a non-negligible difference in the overall budget of this quantity at the level of a galaxy. For instance, the high bolometric luminosities, stellar temperatures and mass loss rates of VMS imply that they will Figure 20 . Specific angular momentum profile, jm, as a function of the Lagrangian mass coordinate in the core of the SMC rotating 150, 200, 300 M models, plotted at the end of the calculations (solid line). The dash-dotted line is j Kerr,lso = r LSO c (Shapiro & Teukolsky 1983, p. 428) , where the radius of the last stable orbit, r LSO , is given by rms in formula (12.7.24) from Shapiro & Teukolsky (1983, p. 362) for circular orbit in the Kerr metric. j Kerr,lso is the minimum specific angular momentum necessary to form an accretion disc around a rotating black hole. j Schwarzschild = √ 12Gm/c (dotted line) is the minimum specific angular momentum necessary for a non-rotating black hole, for reference.
contribute significantly to the radiative and mechanical feedback from stars in high mass clusters at ages prior to the first supernovae (Crowther et al. 2010) . Core-collapse SNe produce of the order of 0.05 M (ejected masses) of iron, 1 M of each of the α−elements. According to the production factors in Table 4 in Heger & Woosley (2002) , PCSN produce up to 40 M of iron, of the order of 30 M of oxygen and silicon and of the order of 5 − 10 M of the other α−elements. Considering that PCSN may occur up to SMC metallicity and represent 2% of SNe at a given metallicity, their contribution to the chemical enrichment of galaxies is significant, especially in the case of iron, oxygen and silicon.
